ABSTRACT The goal of this experiment was to examine effects of diets supplemented with exogenous inosine monophosphate (IMP) on the growth performance, flavor compounds, enzyme activity and gene expression of chicken. A total of 1,500 healthy, 1-day-old male 3-yellow chickens were used for a 52-d experimental period. Individuals were randomly divided into 5 groups (group I, II, III, IV, V) with 6 replicates per group, and fed a basal diet supplemented with 0.0, 0.05, 0.1, 0.2, and 0.3% IMP, respectively. There was no significant response to the increasing dietary IMP level in average daily feed intake (ADFI), average daily gain (ADG), and feed:gain ratio (F/G) (P ≥ 0.05). IMP content of the breast and thigh muscle showed an exponential and linear response to the increasing dietary IMP level (P < 0.05), the highest IMP content was obtained when the diet with 0.3% and 0.2% exogenous IMP was fed. There were significant effects of IMP level in diet on free amino acids (FAA) (exponential, linear and quadratic effect, P < 0.05) and delicious amino acids (DAA) (quadratic effect, P < 0.01) content in breast muscle. FAA and DAA content in thigh muscle showed an exponential and linear response (P < 0.05), and quadratic response (P < 0.01) to the increasing dietary IMP level, the highest FAA and DAA content was obtained when the diet with 0.2% exogenous IMP was fed. Dietary IMP supplementation had a quadratic effect on 5 -NT and the alkaline phosphatase (ALP) enzyme activity in the breast muscle (P < 0.05), and the adenosine triphosphate (ATP) enzyme activity in the thigh muscles increased exponentially and linearly with increasing IMP level in diet (exponential effect, P = 0.061; linear effect, P = 0.059). Cyclohydrolase (ATIC) gene expression in thigh muscle had a quadratic response to the increasing dietary IMP level (P < 0.05), 0.2% exogenous IMP group had the highest (AMPD1) gene expression of the breast muscle and ATIC gene expression of the thigh muscle. These results indicate that dietary IMP did not affect the growth performance of chicken, the diet with 0.2 to 0.3% exogenous IMP is optimal to improve the meat flavor quality in chicken.
INTRODUCTION
Poultry with delicious and uniquely flavored meat is becoming more and more popular (Hofbauer et al., 2010) . Meat flavor, one of the most important eating quality parameters, is primarily composed of taste and aroma (Sasaki et al., 2007; Jayasena et al., 2013a) . Continued consumption of meat and meat products can be ensured through a tasty, nutritious, and safe meat supply for the consumers (Joo and Kim, 2011) . Taste is an important factor that determines meat quality C 2018 Poultry Science Association Inc. Received August 4, 2016. Accepted December 1, 2017. 1 These authors contributed equally 2 Corresponding author: xuliangmei@neau.edu.cn (Kobayashi et al., 2013) . The taste active components in chicken meat extract include free glutamic acid, 5 -inosinic acid, and potassium ion. Among these, inosine monophosphate (IMP)is called an umami taste and is a favorite among consumers (Suzuki et al., 1991; Fujimura et al., 1995; Fujimura et al., 1996) . IMP is a flavor enhancer that is 50 times more potent than monosodium glutamate. IMP can improve the meat flavor of livestock and poultry (Masic and Yeomans, 2014; Narukawa et al., 2008) and is used internationally as an important index for measuring meat flavor (Li et al., 2011; Lee et al., 2011) . Exogenous nucleic acid additives have a remarkable influence on the IMP content of muscle tissue and may improve the growth performance of livestock and poultry (Zhang et al., 2008a; Wang et al., 2014) . Thus, exogenous nucleic acid additives could be an effective way of improving the 1229 IMP content in animal tissues. Little information is available on the suitable amount of exogenous IMP to be used for improving chicken flavor. In this experiment, different levels of exogenous IMP were added to chicken diets to study the effects of supplementing IMP on growth performance, flavor compounds as well as molecular events in broilers. Feed additive amounts were based primarily on studies reported in 2008 (Zhang et al., 2008b) , which used corn-soy diets with 0, 0.25, 0.50, and 0.75% doses of IMP.
MATERIALS AND METHODS

Experimental Design
A total of 1,500 healthy, 1-day-old male 3-yellow chickens (a Chinese breed) were used for the 52-d experimental period. Birds were randomly divided into 5 groups (group I, II, III, IV, V) with 6 replicates each and 50 birds per replicate. Groups were fed a basal diet supplemented with 0.0, 0.05, 0.1, 0.2, or 0.3% exogenous IMP, which was obtained from CJ Biological Technology Co. Ltd. (Shanghai, China). There were no significant differences in initial body weight among the groups. The diet components and nutritional levels are shown in Table 1 . The purity of the supplemented IMP was 99.0%.
Data and Sample Collection
To assess the growth performance of broiler chicks, both their initial and final body weight (BW) were measured and used to determine the amount of weight gained. The feed intake per chicken pen was recorded at the end of the experiment, and the feed conversion ratio was calculated based on both the feed intake and weight gain.
Two healthy broilers of average BW from each replicate cage were chosen and weighed individually then slaughtered by bleeding the left jugular vein. Breast (pectoralis major) and thigh (drumstick) meat were skinned and deboned; one was dissected immediately to analyze IMP content, flavor amino acids, and total free amino acids. Two samples from both sides of the breast and thigh meat were packed individually in aluminum foil, frozen immediately in liquid nitrogen, and stored at -80
• C for analysis of enzymatic activity and total RNA extraction.
The IMP concentrations in breast and thigh meat were determined by high-performance liquid chromotography (HPLC); the IMP content of each meat sample was measured according to the method described by Jung et al. (2013) . Briefly, 1.0 g of fresh breast or thigh meat samples were homogenized in 900 μL of ice-cold 0.9 N perchloric acid. After extraction for 30 min in an ice-water bath, the supernatant was obtained by centrifugation at 13,000 × g at 4
• C for 10 min. The supernatant was neutralized with 2 M KOH and then centrifuged again to remove KClO 4 . The neu- tralized supernatant was then passed through a 0.2-μm filter before being used for the HPLC analyses. Ten-microliter aliquots of the final meat extraction were injected into chromatography columns (Phenomenex C18-MC1, 250 × 4. 60 mm, 5 μm). Mobile phase A consisted of phosphate buffer (0.04 M potassium dihydrogen orthophosphate and 0.06 M dipotassium hydrogen orthophosphate, pH 7.0), while mobile phase B consisted of acetonitrile. Ultraviolet detection was carried out at a wavelength of 254 nm. The peaks were identified and quantified based on comparisons for the retention time and peak area of known external standards, including IMP (Sigma, St. Louis, MO).
After natural thawing, visible fat and fascia were removed from meat samples, and samples were cut into pieces. A total of 2.5 g of muscle tissue was homogenized 3 times with 10 mL of deionized water (22,000 × g/min, for 10 s, interval 10 s) in an ice bath by a T10 disperser (IKA). Next, 10 mL of 10% sulfosalicylic acid was added to the homogenate, mixed by shaking, allowed to stand for 10 min, centrifuged 10 min (15 200 × g) at 4
• C, and filtered through a quantitative filter paper. The filtrate was used to determine the free amino acids by automatic amino acid analyzer (Hitachi L-8900, Japan). An additional 0.5 g of muscle tissue sample was cut into pieces, transferred to a 10-mL pre-cooled centrifuge tube with 4.5 mL of pre-cooled media and homogenized into 10% homogenates (10,000 to 15,000 × g/min). The homogenates were centrifuged for 10 min at 2,000 rpm (5 min by 1,000 × g/min for adenosine triphosphate (ATP) enzyme (ATPase) at 4
• C. The supernatant was used to test for the activity of ATPase, 5 -nucleotide enzyme (5 -NT), acid phosphatase (ACP) and alkaline phosphatase (ALP) in 3-yellow chicken muscle tissue. Test kits were purchased from Jiancheng Bioengineering Institute in Nanjing Province.
Breast and thigh muscle samples were taken from 56-day-old birds and immediately frozen in liquid nitrogen and stored at -80
• C prior to total RNA extraction. Oligonucleotide primer sets for the 4 genes, adenylosuccinate lyase (ADSL), adenosine monophosphate deaminase 1 (AMPD1), 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/IMP cyclohydrolase (ATIC) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), were designed using the software programs Primer Premier 5.0 and Oligo 4.0 based on sequences from chicken mRNA published in GenBank (ATIC: NM 205178.1; AMPD1:XM 004935004.1; ADSL: NM 205529.1; and GAPDH: NM 204305). Primer sequences were as follows: GAPDH forward, 5 -GCCATCACAGCCACACAGA-3 ; GAPDH reverse, 5 -TTTCCCCACAGCCTTAGCA-3 ; AMPD1 forward, 5 -AGAAGTCGTATCGTGTGGATGCT-3 ; AMPD1 reverse, 5 -CCGTTGATGGTGTTTTCTGTCTT-3 ; ADSL forward, 5 -GCCTACCTTGGGCTTCACT-CAC -3 ; ADSL reverse, 5 -CTGCAGG-TCCATGCACAAGTC-3 ; ATIC forward, 5 -TCTCCGGGTGTAACTGTACCAGAA-3 ; and ATIC reverse, 5 -GAGTAGTCTGCAGGATCACACACAA-3 . Reverse transcription (RT) and quantitative polymerase chain reaction (PCR) were performed using a fluorescence quantitative kit (TaKaRa Bio Inc., Tokyo, Japan), following the manufacturer's instructions. PCR reactions for target and reference genes were performed in different quantitative PCR tubes with 3 replicates per sample. Ct values for every gene were obtained using the Opticon Monitor analysis software. The relative Ct was determined using the following equation with GAPDH as the internal reference gene: ΔCt = Ct (purpose gene) -Ct (internal reference gene). The relative expression levels of ATIC, AMPD1, and ADSL in the various tissues were expressed as 2 −ΔCt .
Statistical Analysis
Data were subjected to analysis of variance (ANOVA) using the GLM procedure of SAS (SAS Institute Inc., Cary, NC). The exponential, linear and quadratic effects of the IMP level were assessed using orthogonal polynomials. The replicate was the experimental unit. Pooled standard error of the mean (SEM) was calculated by averaging the SEMs calculated with the GLM procedure of SAS for the variable of interest. A P-value < 0.05 was considered statistically significant.
RESULTS
The effects of exogenous IMP on the performance of broilers are presented in Table 2 , there was no significant response to the increasing dietary IMP level in average daily feed intake (ADFI), average daily gain (ADG), and feed:gain ratio (F/G) (P ≥ 0.05). IMP content of the breast muscle showed an exponential and linear response to the increasing dietary IMP level (P < 0.05); the highest IMP content was obtained when the diet with 0.3% exogenous IMP was fed. Similarly, there was a significant effect of exogenous IMP level in the broiler diet on IMP content in thigh muscle tissues (exponential effect, P < 0.05), and the highest IMP content was obtained when the diet with 0.2% exogenous IMP was fed (Table 3) . Dietary IMP supplementation had an exponential and quadratic effect on the Gly, Val, Ile content (P < 0.05), and had a quadratic effect on the Ala (P < 0.01) and Phe (P < 0.05) content in breast muscle. There were significant effects (exponential, linear and quadratic effect, P < 0.05) of IMP level in diet on the free amino acids (FAA) and delicious amino acids (DAA) (quadratic effect, P < 0.01) content in breast muscle; the highest DAA content was obtained when the diet with 0.2% exogenous IMP was fed (Table 4) . There were significant effects of IMP level in diet on the Cys (quadratic effect, P < 0.05), Ile (quadratic effect, P < 0.05), His (exponential, linear, and quadratic effect, P < 0.05), and Leu (quadratic effect, P < 0.05) content in thigh muscle. FAA and DAA content in thigh muscle showed an exponential and linear response (P < 0.05), and quadratic response (P < 0.01) to the increasing dietary IMP level (Table 5 ). The highest FAA and DAA content was obtained when the diet with 0.2% exogenous IMP was fed (Table 4) .
Dietary IMP supplementation had a quadratic effect on 5 -NT and ALP enzyme activity in breast muscle (P < 0.05); no difference of ATPase and ACP activity in breast muscle were observed. ATPase enzyme activity in the thigh muscles increased exponentially and linearly with the IMP level in diet (exponential effect, P = 0.061; linear effect, P = 0.059). The 0.2% exogenous IMP group had the lowest 5 -NT enzyme activity in breast muscle, while the 0.3% exogenous IMP group had the highest ATPase enzyme activity in thigh muscle (Table 6 ).
AMPD1 gene expression of the breast muscle showed a quadratic response to the increasing dietary IMP level (P = 0.061), while there was no difference in ADSL and ATIC gene expression of the breast muscle (P ≥ 0.05). ATIC gene expression in thigh muscle had a quadratic response to the increasing dietary IMP level (P < 0.05), ADSL and AMPD1 gene expression had no significant response to the increasing dietary IMP level (P ≥ 0.05). The 0.2% exogenous IMP group had the highest (AMPD1) gene expression of the breast muscle and ATIC gene expression of the thigh muscle (Table 7) .
DISCUSSION
Inosine monophosphate, a nucleotide dietary supplement, is closely associated with animal growth and immune and intestinal healthy and is particularly important in the early stages of animal growth. IMP is the main product in the de novo synthesis process of nucleotides (Mateo, 2005) . Although nucleotides can be synthesized by de novo synthesis, it may be useful to supplement with exogenous nucleotides during rapid growth periods or under stressful conditions (Frankič et al., 2006) . Inosine monophosphate, as the intermediate metabolite of nucleotide de novo synthesis (Mateo, 2005) , could synthesize other functional nucleotides (Stein and Kil, 2006) . Exogenous IMP could remit the stress of nucleotide de novo synthesis and increase feed intake by stimulating taste receptors (Kubitza et al., 1997) . Song et al. (2012) also reported that the growth of flounder could be improved by supplementation of 0.1% to 0.2% IMP in the diet. However, few studies have examined the effects of adding exogenous nucleotides to broiler chicken diets. Here, broiler diets were supplemented with varying doses of exogenous IMP, during the early growth stage of broilers, the feed gain ratio of 0.3% IMP group reduced by 2.58% compared with the control group. These results are in accord with those of Weaver and Kim (2014) in pigs. Some studies have also shown that pure nucleotide complexes could increase the feed intake of weaned piglets (Sauer et al., 2012) . In this experiment, the feed intake of the 0.2% IMP group was the highest in the later growth stage of broilers. Inosine monophosphate is thought to be an important umami substance that stimulates taste and promotes animal feeding after it enters the digestive tract. However, because chickens have a low taste intensity, the presence of IMP may not be sufficient to increase appetite. Alternatively, increased feed intake might be due to the growth promoting properties of IMP. Throughout the growth period, there were no significant differences in the growth performance of broilers among all groups; a similar result was found by Lee et al. (2007) . Inosine monophosphate is one of the important components in producing the umami flavor and important for meat flavor evaluation (Calkins and Hodgen, 2007) . Adding exogenous nucleotides is an effective way to increase the amount of IMP in muscle tissues. Exogenous IMP could be digested and absorbed directly for nucleotide synthesis, which reduces energy consumption in the process of nucleotide de novo synthesis and increases the amount of ATP and IMP. Zhang et al. (2008b) reported that exogenous IMP could significantly increase the amount of IMP in boiler chest muscle, with 0.25% supplementation providing the optimum level. In this experiment, supplementing with 0.2% and 0.3% exogenous IMP significantly increased the amount of IMP in muscle tissue; this result is similar to that of Wang et al. (2014) . The added dietary IMP may have been absorbed and transformed into ATP, thereby increasing the ATP content, which increased the content of IMP in the tissues. The addition of nucleotides may also have affected enzyme activity related to IMP metabolism. The nutritional value and flavor of muscle tissues are determined by the species and content of free amino acids in the tissues. Five amino acids (aspartate, glutamate, glycine, alanine and arginine) are the precursor substances comprising meat flavor and directly affect how delicious meat is considered (Mohamed et al., 2014) . Oike et al. (2006) reported that so-called delicious amino acids could directly activate the ion channel in the taste pathway in type II recipient cells, which determine flavor and sweetness, thus improving the flavor of chicken and keeping the muscles delicious, tender, and smooth. Higher contents of delicious amino acids in muscle tissues correspond with higher meat quality. In this experiment, 0.2% exogenous IMP significantly increased the contents of delicious amino acids and total free amino acids in breast and thigh muscles. The most important substances in delicious amino acids are glutamate and glycine, which can decrease bitterness and remove unpleasant tastes from food. Glutamate and glycine also provide a sweet fragrance. In contrast, arginine works through inositol and glycerol phosphocholine, enhancing the synthesis and deposition of body proteins and the degradation of fat, and improving carcass composition (He et al., 2009) .
The main factor affecting the content of IMP in animals is the presence of enzymes involved in the process of IMP anabolism. ATP is the primary enzyme in the IMP generation process, and 5 -nucleotidase and phosphatase are the enzymes related to IMP degradation. The enzyme a+-K+∼ATP, a protein embedded in the lipid bilayer of the cytoplasmic membrane, is the main factor that determines the speed of ATP decomposition (Gorini et al., 2002) . After animal death, the sarcoplasmic reticulum disintegrates and loses function, including the calcium pump. Calcium is released, activating the myosin ATP enzyme, which causes a large amount of ATP decomposition. Inosine monophosphate is produced by ATP degradation after animal death. Therefore, ATP degrading enzyme is involved in the synthesis of IMP. The results of this experiment showed that 0.3% exogenous IMP group had the highest ATPase enzyme activity in thigh muscle, which is similar to the results of Wang et al. (2014) . However, Zhang et al. (2008a) demonstrated that there were no significant effects of exogenous IMP on ATP enzyme activity in muscle tissues. IMP degrading enzymes primarily include 5 -nucleotidase and phosphatase. These enzymes can catalyze the partial 5 -end carbon phosphate of ribose or deoxyribose in some nucleic acid molecules and thus affect the nucleic acid content in the cell (Gallier et al., 2011) . Therefore, 5 -nucleotidase is one of the compounds that effects the stability of IMP. Phosphatase primarily catalyzes nucleic acid molecules by removing the 5 phosphate group and reducing the content of IMP. To increase the content of IMP in the muscle tissues of livestock and poultry, IMP decomposition needs to be prevented. In our studies, dietary IMP supplementation had a quadratic effect on ALP enzyme activity in breast muscle, and 0.2% exogenous IMP group had the lowest 5 -NT enzyme activity in breast muscle. The trend simultaneously indicated that more is not always better. Without considering the influence of strain, sex, and size, enzymes associated with ATP metabolism could be the important factor that affected the amount of IMP in broilers' muscle.
The enzymes involved include ATPase, 5 -nucleotidase, and phosphatase. Inosine 5 -monophosphate is the intermediate product in ATP metabolism, so there should be a positive correlation between the concentration of IMP in muscle and ATP hydrolase activity as well as a negative correlation between the concentration of IMP in muscle and IMP degrading enzyme activity. Dietary nucleic acids and nucleotides should be enzymatically hydrolyzed before absorption and they were absorbed mainly in the form of nucleosides and small molecular nucleotides (Bronk and Hastewell, 1987) . Nucleotides with highly negatively charged phosphate groups hinder absorption. Thus, nucleotides enter enterocytes mainly in the form of nucleosides and the effective process is carried out mainly by facilitated diffusion and by special sodium ion-dependent carrier mediated mechanisms (Bronk and Hastewell, 1987) . Nucleosides, endogenous nucleotides, and partial dietary metabolic products are transported into muscle tissue through the circulation system. While one portion of the products were decomposed into uric acid or β-alanine and excreted, the others were resynthesized for nucleotides and participated in metabolism again (Carver and Walker, 1995; Thorell et al.,1996) . Therefore, as a type of small molecular nucleotide, partial dietary IMP is likely to be absorbed directly. However, little IMP exists in muscle of live animals, and the deposition of IMP in muscle basically occurs during the progression of rigor mortis. Further studies may help to clarify the mechanism.
There are 10 steps for the de novo synthesis of the nucleotide IMP. ADSL, AMPD1, and ATIC are essential enzymes involved in this de novo purine biosynthesis, which catalyzes 2 steps in the synthesis (Aimi et al., 1990) . Considering the important role of these 3 genes in IMP synthesis, ADSL, AMPD1, and ATIC genes were chosen as a candidate gene for IMP content of chicken muscle in this study. The ADSL gene has typical housekeeping gene features. It plays an important role in the biological pathways of purine nucleotide de novo synthesis and maintains the proportion of ATP/ AMP in muscle tissues. ADSL is vitally important to the content of IMP and maintaining normal cell division and metabolism (Xu et al., 2011) . ADSL gene mutations can decrease IMP synthetic ability in vivo and may result in a series of neurological disorders (Lundy et al., 2010) . High ADSL gene expression can cause the mass synthesis of purine nucleotides. Purine nucleotides are the material of ATP synthesis, and muscle movement requires a large amount of ATP to provide energy. Therefore, ADSL expression is the highest in muscle tissues (Yuan et al., 2011) . Single nucleotide polymorphisms in the ADSL gene have been shown to affect the content of IMP in muscle tissues (Shu et al., 2009; Ye et al., 2010) , whereas the effects of exogenous IMP on gene expression in muscle tissues have not been reported. Our results haven't showed strong correlation between the content of IMP in muscle and ADSL expression, which is probably because the purine-biosynthetic pathway is ultimately responsible for the generation of inosine 5 -monophosphate from α-D-ribose-5-phosphate (Zhang et al., 2008a) and provides the essential purine nucleotides required for DNA replication and cell division. The pathway consists of 10 enzyme-catalyzed steps in vertebrates (Hartman and Buchanan, 1959) and 11 in Escherichia coli (Mueller et al., 1994) ; if one of the enzymes changed, the IMP content would be different, furthermore, we have showed the difference in mRNA expressional level of the ADSL gene, and have not studied the difference in protein level, future research would helpful for clearing the correlation of IMP content with ADSL gene expression.
ATIC is the only bifunctional enzyme with 2 enzymes catalytic activity in the biosynthetic pathway of purine nucleotide synthesis. The research of Greasley et al. (2001) on the crystal structure of the chicken ATIC gene showed that the N-extremity of ATIC activates inosine 5 -monophosphate dehydrogenase (IMPCH), while the C-extremity activates aminoimidazole carboxamide ribonucleotide transformylase (AICARTfase). The distance between the activity centers of the IMPCH and AICARTfase enzymes is approximately 50A. There is no intermediate connecting channel between these 2 activity centers, which plays an important regulatory role in the synthesis of IMP. ATIC gene expression in the thigh muscle of the 0.2% IMP group was significantly increased.
The AMPD1 gene is primarily expressed in muscle tissues and involved in the metabolism of IMP. Therefore, the AMPD1 gene can be considered to be a candidate gene that affects the IMP content. Hu et al. (2015) reported that polymorphisms of AMPD1 (single nucleotide polymorphisms [SNPs] ) in broiler chickens were related to the IMP content and could be a possible candidate marker for the IMP content. Here, 0.2% exogenous IMP group had the highest (AMPD1) gene expression of the breast muscle. The effects of exogenous IMP on related gene expression in muscle tissues of livestock and poultry has not been reported previously. The results of this experiment implied that diet supplementation with exogenous IMP probably play an important role in increasing related gene expression.
CONCLUSION
In summary, dietary supplementation with IMP did not affect growth performance of the broilers. Supplementation with 0.2 to 0.3% exogenous IMP promoted the deposition of IMP in the muscle tissues, increased FAA and DAA content in muscle, increased enzymes involved in the process of IMP generation, and decreased the enzymes related to IMP degradation. These results indicate that dietary IMP didn't affect the growth performance of chicken, the diet with 0.2 to 0.3% exogenous IMP is optimal to improve the meat flavor quality in chicken.
